All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Glucagon-like Peptide-1 (GLP-1) is a protein secreted from the L-cells in the distal small intestine in response to the presence and absorption of nutrients in the gut lumen and GLP-1 amplifies glucose-induced insulin secretion (the *incretin* effect)\[[@pone.0154727.ref001]\]. Consequently, GLP-1 has been intensely studied in relation to human diabetes. Endogenous GLP-1 has a plasma half-life of 1--2 min, due to a rapid degradation and inactivation by the enzyme dipeptidyl peptidase IV (DPP-IV), rendering natural GLP-1 impractical for diabetic treatment\[[@pone.0154727.ref001]\]. Exenatide is a synthetic GLP-1 mimetic and a potent GLP-1 receptor agonist with a half-life of 3--4 h after subcutaneous injection in humans due to DPP-IV resistance\[[@pone.0154727.ref002], [@pone.0154727.ref003]\]. GLP-1 mimetics increase insulin secretion, improve insulin sensitivity, reduce fasting blood glucose and decrease plasma glucagon levels in diabetic and non-diabetic human subjects\[[@pone.0154727.ref004]--[@pone.0154727.ref007]\]. Further, GLP-1 mimetics decrease body weight in obese, non-diabetic and diabetic human patients through increased satiety, reduced appetite and slowed gastric emptying\[[@pone.0154727.ref006]--[@pone.0154727.ref009]\]. Nausea and vomiting are the most common adverse reactions, especially during the initial weeks, and a stepwise dose escalation is recommended\[[@pone.0154727.ref006], [@pone.0154727.ref007]\]. Exenatide treatment may cause hypoglycemia if combined with other anti-hyperglycaemic treatments such as biguanides or sulfonylureas\[[@pone.0154727.ref010]\].

In cats, the prevalence of obesity is high, and as in humans, feline obesity increases the risk of several medical complications such as insulin resistance and feline diabetes mellitus\[[@pone.0154727.ref011]--[@pone.0154727.ref013]\]. Obese cats often maintain normal fasting blood glucose, presumably due to good control of hepatic endogenous glucose production compared with human prediabetes (impaired fasting glucose)\[[@pone.0154727.ref014]\]. However, feline obesity has been associated with insulin resistance, impaired glucose tolerance and an abnormal insulin response during a glucose tolerance test\[[@pone.0154727.ref012]\]. Further, the circulatory level of leptin was increased in obese compared to lean cats, and hyperleptinemia was linked to a decreased insulin sensitivity\[[@pone.0154727.ref011], [@pone.0154727.ref015]\]. In contrast, the association between obesity, adiponectin and insulin sensitivity is controversial in the cat\[[@pone.0154727.ref011], [@pone.0154727.ref016]\].

The number of studies investigating the effect of GLP-1 mimetics in cats is still limited. Single-dosing of exenatide increased insulin secretion in healthy, lean cats without adverse effects\[[@pone.0154727.ref017], [@pone.0154727.ref018]\]. In a recent study, treatment for seven consecutive days with a GLP-1 mimetic increased insulin secretion, decreased glucagon secretion and reduced body weight in healthy cats. Treatment was associated with anorexia, vomiting or diarrhea in the majority of cats, which may be explained by the use of a relatively large dose per kg bodyweight compared to human recommendations\[[@pone.0154727.ref019]\].

The pathophysiology of feline diabetes mellitus (FDM) is similar to human type 2 diabetes (T2D), including a strong association with obesity, insulin resistance and β-cell failure causing impaired insulin secretion\[[@pone.0154727.ref020]\].

Currently, insulin is the appropriate therapeutic option for feline diabetes, but may be inadequate for optimal clinical control in some cats and carries the risk of inducing hypoglycaemia\[[@pone.0154727.ref021], [@pone.0154727.ref022]\]. Based on the similarities between feline and human obesity and diabetes, it is possible that obese or diabetic cats could benefit from treatment with GLP-1 mimetics.

The aim of this study was to evaluate the effect and safety of long-term (12 weeks) exenatide treatment in healthy, spontaneously (not experimentally induced) obese client-owned cats. To the best of our knowledge, this is the first prospective double-blinded, placebo-controlled study with a GLP-1 mimetic in obese cats.

Materials and Methods {#sec002}
=====================

Animals, clinical examination, blood sampling and handling {#sec003}
----------------------------------------------------------

Cats were enrolled in the study from March 2013 to May 2014. All were privately owned, recruited through local newspaper ads and owners provided written informed consent upon enrolment. The study was approved by the Danish National Committee on Animal Experimentation, the Danish Health and Medicines Authority and the Local Ethical and Administrative Committee at the Department of Veterinary Clinical and Animal Sciences, University of Copenhagen. All cats were indoor confined, above 3 years of age, had a body condition score (BCS) of at least 7 on a 9-point scale and were not receiving any medication. The medical history was obtained using a standardized questionnaire. After an overnight fast (10--12 h) all cats were subjected to a thorough clinical examination including measurement of body weight (BW) in kg (Kruuse MS-20, Kruuse, Langeskov, Denmark) and body condition scoring on a 9-point scale\[[@pone.0154727.ref023]\]. Health status was confirmed by urine and blood analyses including biochemistry, a complete blood count and thyroid profile. Blood samples were obtained by jugular venipuncture using a 21-gauge butterfly and samples were collected into two 4-mL serum (Greiner Bio-One, GmbH, Kremsmünster, Austria) and three 2-mL EDTA tubes (BD, Belliver Industrial Estate, Plymouth, United Kingdom). Serum tubes were left to clot at room temperature while EDTA tubes were immediately placed on ice. Samples were centrifuged within 30 min (EDTA) or after a minimum of 30 min (serum) at 3500 rpm for 10 min at 4°C and stored at -80°C for later analysis. A urine sample was collected by cystocentesis. Following blood sampling, all cats were fitted with two intravenous catheters, one in the cephalic vein (22-gauge) and one in the medial saphenous vein (20-gauge). None of the cats were sedated for the blood sampling or catheter placement. Afterwards cats had 3 h of undisturbed fasting cage rest, before an intravenous glucose tolerance test (IVGTT) was performed.

Intravenous glucose tolerance test {#sec004}
----------------------------------

The IVGTT followed a previously described protocol\[[@pone.0154727.ref016]\]. Following at least 3 h of cage rest, a glucose bolus (1 g/kg body weight) was injected through the cephalic catheter over 30 seconds. Through the other catheter, 2 mL samples of blood were collected into ice-chilled 2-mL EDTA tubes at times 0 (prior to injection), 2, 5, 10, 15, 30, 45, 60, 90 and 120 min after the glucose injection. Prior to each blood sampling, 0.5 mL of blood was drawn into a separate syringe to avoid collection of diluted catheter blood; this was re-injected immediately after collection of the actual sample. Catheter patency was maintained by flushing with 0.5 mL of heparinized saline. Blood samples were kept on ice after collection, centrifuged within 1 h at 3500 rpm for 10 min at 4°C and stored at -80°C for later analysis. After completion of the IVGTT, cats were hospitalized overnight, offered a meal and placed on intravenous fluids (Ringer Acetate, Fresenius Kabi, Uppsala, Sweden) for 8 h to replenish circulatory volume. Food was withheld after 10 PM.

Dual-energy x-ray absorptiometry {#sec005}
--------------------------------

On the following day, cats were shortly anaesthetized for a dual-energy x-ray absorptiometry (DXA) scan. Cats were given 0.2 mg/kg methadone (Comfortan Vet, Dechra Veterinary Products, Uldum, Denmark) intramuscularly followed by 0.2--0.4 mg/kg diazepam (Stesolid emulsion, Actavis, Gentofte, Denmark) intravenously. Anesthesia was induced and maintained by injection of propofol (Rapinovet, Shering Plough Animal Health, Ballerup, Denmark) intravenously; 6 mg/kg for induction and approximately 15 mg/kg for maintenance depending on individual need. The cat was placed in sternal recumbence with the front legs extended cranially and the hind legs extended caudally for the DXA scan. Scans were performed with Lunar Prodigy Advance (GE Medical System Lunar, Madison, WI, USA), and the body composition assessed by the accompanying software (Lunar Prodigy enCORE 2011, version 13.60.033, GE Medical System Lunar, Madison, WI, USA).

Study design and treatment protocol {#sec006}
-----------------------------------

The study was a randomized, double-blinded, placebo-controlled, parallel group study. All cats were enrolled within a period of 14 months. Following the procedures described above, cats were randomized to 12 weeks of either placebo (saline) or exenatide treatment (Byetta, Eli Lilly Denmark, Herlev, Denmark). A block size of six was used for randomization, and if any cat dropped out within the initial 28 days of participation, the next cat was allocated blindly to the same treatment arm. Completion of at least 28 days of the study period was required for the cat to be included in the final data analysis. Exenatide was diluted 1:10 following a protocol provided by the manufacturer using the same excipients as included in the original Byetta formulation. After manufacturing, the dilution was stored at room temperature for a maximum of 30 days in agreement with the recommendations for Byetta\[[@pone.0154727.ref024]\]. Exenatide was administered subcutaneously at a dose of 0.5 μg/kg BW twice daily for the first 4 weeks increasing to 1.0 μg/kg BW twice daily from week 5 to 12 to mimic the treatment protocol recommended in humans. Dosage was based on the preliminary results of a recently published feline study\[[@pone.0154727.ref025]\]. To preserve blinding, the placebo and exenatide were given in identical volumes (0.02 ml/kg body weight for the initial 4 weeks). Both liquids were clear and colorless. Owners received oral and written instructions regarding the treatment protocol, and performed a supervised saline injection to confirm a correct injection technique. The cats were not fed a standardized diet, instead owners were asked to refrain from making any dietary changes for their cat and to continue feeding the exact diet as before enrolling in the study. Further, owners were instructed to contact the hospital at any signs of an adverse reaction or change in their cat's demeanor. A standardized diary was used by all owners for logging of any adverse reactions or missing injections. Cats were reexamined after 2, 4, 8 and 12 weeks of treatment. Prior to each re-check the cats were fasted for 12 h, and each visit included a clinical examination and assessment of BW and BCS. A standardized questionnaire was used to obtain the latest medical history. Prior to each visit owners were asked to rate their cats appetite on a 5-point scale, where 1 = the cat is always hungry, 3 = the cats eats when food is offered but appears satiated between feedings, and 5 = the cat shows no interest in food. Urine and blood samples (for biochemistry, complete blood count and feline pancreatic lipase immunoreactivity) were obtained as described previously and analysed within 24 h for assessment of any adverse reactions. At the final visit (week 12) the cats were subjected to a follow-up IVGTT and DXA scan following the same protocol as used at the time of inclusion. At that time all treatments were discontinued.

Study end points {#sec007}
----------------

The primary endpoint was change in insulin concentration during the IVGTT at study initiation and end of treatment (week 12 or last observation carried forward). Secondary endpoints included changes in glucose concentration and glucose tolerance parameters, glucagon concentration and BW as well as an evaluation of long-term safety.

Glucose, hormone and adipokine analyses {#sec008}
---------------------------------------

### Glucose and insulin analyses {#sec009}

Samples were analysed collectively after all cats had completed the study. Glucose concentrations were measured by a Glucose Hexokinase II method (Advia 1800, Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA). Plasma insulin concentrations were determined by a radioimmunoassay (INS-IRMA, DIAsource, Nivelles, Belgium) by the laboratory where this assay was previously validated in cats\[[@pone.0154727.ref026]\]. The glucose half-life (T~½~) and disappearance of glucose (K~glucose~) were based on a linear regression of log~10~ of the glucose concentrations between 15 and 90 min during the IVGTTs and calculated as: $$K_{glucose}~ = ~\frac{\left| b \middle| \times 100 \right.}{{log}_{10}e}$$ and $$T_{½}~ = ~\frac{{log}_{e}2 \times 100}{K_{glucose}}$$ where \|b\| is the absolute value of the slope and e is the natural logarithm base\[[@pone.0154727.ref027]\].

### Glucagon, total GLP-1 and exenatide analyses {#sec010}

Fasting plasma glucagon levels were determined at week 0 and 12 using a sandwich ELISA method (Glucagon ELISA, Mercodia, Uppsala, Sweden) previously validated in cats; the detection limit was 1 pM and CV \< 10%\[[@pone.0154727.ref019], [@pone.0154727.ref028]\]. For the measurement of fasting total GLP-1, we used a well-characterized in-house developed radioimmunoassay (codename 390) measuring total GLP-1 levels as previously described; the detection limit was 3pM and CV \< 10%\[[@pone.0154727.ref029]\]. Fasting plasma exenatide was measured using an in-house developed radioimmunoassay (codename 3145) with CV \< 6% and a detection limit of 0.5 pmol/L\[[@pone.0154727.ref030]\].

### Leptin and total adiponectin analysis {#sec011}

Fasting plasma leptin was determined by radioimmunoassay (Multi-species Leptin RIA, Merck Millipore, Darmstadt, Germany) previously validated in cats\[[@pone.0154727.ref031]\]. Total serum adiponectin concentration was measured by a commercially available human adiponectin ELISA following the manufacturer's guideline for analysis of feline samples (Human Adiponectin ELISA, High Sensitivity; BioVendor---Laboratorni medicina, Brno, Czech Republic). This assay was previously validated in cats in our laboratory and by Tvarijonaviciute and colleagues \[[@pone.0154727.ref016], [@pone.0154727.ref032]\]. All samples were measured in duplicate using a single microplate and the CV for each pair of samples was \<7.4%.

Statistical analysis {#sec012}
--------------------

Group characteristics at baseline were assessed using the unpaired t-test (BW, body fat percentage and age) and Fisher's Exact Test (gender). The area under the curve for glucose and insulin (AUC~glucose~ and AUC~insulin~) during the IVGTT was calculated from all serial measurements from 0 to 120 minutes by the trapezoidal method (GraphPad Software Inc, La Jolla, CA). Most variables were measured at week 0 and 12, and the change in each cat was calculated as results obtained in week 12 minus the results obtained in week 0. Treatment effect was evaluated by comparing the changes between treatment groups using either the t-test or the Kruskal-Wallis test as appropriate (SAS, version 9.4; SAS Institute Inc, Cary, NC). Data distribution was assessed using the Shapiro-Wilk test with a significance level set at 0.05 (IBM SPSS Statistics, version 22; IBM Corporation, Armonk, New York). For variables measured at more than two time points, comparisons between groups were performed by mixed-ANOVA. Results are presented as median and range unless otherwise stated. Statistical significance was set at P \< 0.05, while a P value ≤ 0.1 was considered a trend.

Results {#sec013}
=======

Included animals {#sec014}
----------------

A total of 12 healthy cats completed the study. Fourteen were originally enrolled, but two cats dropped out before day seven due to aggression towards the owners during injections, and per protocol these cats were not included in any of the statistical analyses and will not be further discussed. Another two cats (one in each treatment group) were withdrawn after 4 and 8 weeks respectively for the same reason. Both cats completed an IVGTT at the time of withdrawal and the results are included in the final analysis. For all other variables, these two cats are included in the calculations for as long as they were included in the study. Thus, a total of six cats in each treatment group were included in the final analysis. Median age at time of inclusion was 86.5 months (range 63--119 months) in the exenatide treated group (EX) and 91.0 months (range 66--146 months) in the placebo group (PL) (P\>0.05). Eight cats were castrated males (EX = 5, PL = 3), four were spayed females (EX = 1, PL = 3) and the gender distribution was not significantly different between treatment groups (P\>0.05). Included breeds were Domestic Short Hair (EX = 4, PL = 1), British Short Hair (EX = 2, PL = 1), Burmilla (PL = 2) and mixed breeds (PL = 2). The median body weight at time of inclusion was 8.19 kg (range 6.65--10.8 kg) in EX and 6.64 kg (range 5.04--10.27 kg) in PL, P = 0.17. Median body fat percentage at baseline was 45.5% in EX (range 32.6--60.2%) and 46.3% in PL (range 41.0--61.1%), P = 0.54.

Exenatide concentration {#sec015}
-----------------------

Fasting, plasma exenatide concentration was measured at week 4 and 12 approximately 2--3 h after the latest injection. The median exenatide concentration in EX was 50 pM (range 20--150 pM) at week 4 and 70 pM (range 20--410 pM) at week 12. In PL the median concentration was 0 pM (range 0--3 pM) at week 4 and 0 pM (range 0--2 pM) at week 12. The exenatide concentration was significantly higher in EX compared to PL at both week 4 and 12 (P = 0.03 and \< 0.01, respectively). The owners were unaware of this analysis being performed.

Insulin secretion, glucose concentration and glucose tolerance {#sec016}
--------------------------------------------------------------

Median and range values for the insulin and glucose measurements are presented in [Table 1](#pone.0154727.t001){ref-type="table"}. Exenatide treatment did not change baseline plasma glucose or baseline insulin concentration. The AUC~insulin~ was calculated for the early response (0 to 30 min), the late response (30 to 120 min) and for the entire 120 min period. Exenatide did not have a significant effect on any of the AUC~insulin~ results. The individual insulin secretion and corresponding glucose concentration curves during the IVGTT at week 0 and week 12 are shown for the EX and PL group in Figs [1](#pone.0154727.g001){ref-type="fig"} and [2](#pone.0154727.g002){ref-type="fig"} respectively. In the EX group there was a discernable individual variation in the insulin concentrations, which is also evident from a diagram showing the glucose and insulin concentration 120 min after the glucose bolus for EX at week 0 ([Fig 3](#pone.0154727.g003){ref-type="fig"}). AUC~glucose~ was calculated for the entire 120 min period and was not different between EX and PL. Finally, exenatide did not affect the indirect measurements of glucose tolerance: K~glu~ or T~½~ ([Table 1](#pone.0154727.t001){ref-type="table"}).

10.1371/journal.pone.0154727.t001

###### Hormone, glucose and body composition analyses before and after 12 weeks of either exenatide or placebo treatment.

![](pone.0154727.t001){#pone.0154727.t001g}

  Parameter                                                  Unit         Exenatide, week 0         Exenatide, week 12        Placebo, week 0           Placebo, week 12          p-value
  ---------------------------------------------------------- ------------ ------------------------- ------------------------- ------------------------- ------------------------- ---------
  Baseline insulin                                           μU/mL        16.4 (7.1--61.7)          13.7 (6.2--46.0)          14.9 (11.0--46.6)         19.3 (8.9--38.5)          0.52
  AUC insulin 0--120                                         μU/ml/min    17405 (3669--36341)       17274 (2080--55032)       11963 (4988--26360)       9557 (4498--21671)        0.64
  AUC insulin 0--30                                          μU/ml/min    1608 (529--4023)          1282 (382--4282)          1395 (836--2199)          1405 (386--3412)          0.82
  AUC insulin 30--120                                        μU/ml/min    15512 (3140--34950)       15582 (1698--50750)       10366 (3917--24640)       8256 (3623--18260)        0.65
  Baseline glucose                                           mmol/L       5.6 (5.1--6.6)            5.2 (4.6--6.4)            5.3 (4.7--5.5)            5.4 (4.5--5.8)            0.17
  AUC glucose 0--120                                         mmol/L/min   2811 (2437--3524)         2838 (2396--3374)         2759 (2444--3146)         2868 (2558--3234)         0.30
  K-glucose                                                  %/min        0.86 (0.55--1.23)         0.85 (0.68--1.00)         0.82 (0.60--1.26)         0.79 (0.59--1.03)         0.76
  Glucose T½                                                 min          81.1 (56.2--127.0)        82.8 (69.2--102.6)        85.0 (55.0--114.9)        87.6 (67.2--117.5)        0.77
  Glukagon, fasting                                          pM           11.5 (1.9--17.7)          2.6 (0.7--4.9)            9.8 (3.6--14.4)           7.3 (3.2--14.4)           0.25
  Total GLP-1, fasting                                       pM           6.9 (4.9--8.2)            6.7 (4.7--7.9)            8.8 (5.9--11.3)           9.0 (6.5--10.0)           0.20
  Percent weight loss[\*](#t001fn003){ref-type="table-fn"}   \%                                     5.1 (1.7--8.4)                                      3.2 (-5.3--5.7)           0.10
  \% Body fat                                                \%           45.5 (32.6--60.2)         38.1 (25.1--57.7)         46.3 (41.0--61.1)         41.2 (29.1--56.8)         0.97
  Total fat                                                  g            3437.3 (2083.9--6286.5)   3446.3 (1479.1--5725.2)   3127.7 (1996.9--4366.7)   2585.2 (1813.2--4021.4)   0.89
  Adiponectin, fasting                                       μg/ml        0.66 (0.43--0.82)         0.53 (0.39--0.86)         0.78 (0.47--0.92)         0.85 (0.38--0.90)         NS
  Leptin, fasting                                            ng/ml        42 (23--48)               42 (10--47)               38 (25--43)               43 (20--51)               0.28

Hormone concentrations, glucose tolerance estimates and body composition in obese client-owned cats before and after 12 weeks of treatment with either exenatide (n = 6) or placebo (n = 6). Values are presented as median and range. The p-value is obtained by comparing the observed changes (result from week 12 minus result from week 0) between the two treatment groups.

Abbreviations: AUC, area under curve; K-glucose, disappearance coefficient for glucose; Glucose T½, half-life for glucose in plasma; GLP-1, glucagon-like peptide-1.

\*Calculated as weight loss in percentage of baseline, i.e. (body weight week0-week12)/body weight week0.

![Plasma insulin and glucose concentration in exenatide treated cats.\
Plasma insulin and glucose concentration during an intravenous glucose tolerance test in 6 obese client-owned cats before and after 12 weeks of twice-daily subcutaneous exenatide treatment. Insulin and glucose were measured immediately before and for 120 min following a 1 g/kg intravenous bolus of glucose.](pone.0154727.g001){#pone.0154727.g001}

![Plasma insulin and glucose concentration in placebo treated cats.\
Plasma insulin and glucose concentration during an intravenous glucose tolerance test in 6 obese client-owned cats before and after 12 weeks of twice-daily subcutaneous placebo treatment. Insulin and glucose were measured immediately before and for 120 min following a 1 g/kg intravenous bolus of glucose.](pone.0154727.g002){#pone.0154727.g002}

![Individual differences in plasma insulin and glucose levels 120 minutes after a glucose bolus.\
Plasma insulin and glucose concentration 120 min after a 1 g/kg glucose bolus in six obese client owned cats randomized to the exenatide treatment group. Measurements were obtained before treatment initiation.](pone.0154727.g003){#pone.0154727.g003}

Fasting glucagon and total GLP-1 concentration {#sec017}
----------------------------------------------

Glucagon and total GLP-1 were only measured in five cats from each group due to insufficient sample volume in two cats. Based on visual evaluation of the data, the fasting glucagon concentration decreased markedly in several EX cats, especially in cats with a higher glucagon concentration at baseline, whereas it was unchanged in all PL cats. However, this did not reach statistical significance ([Fig 4](#pone.0154727.g004){ref-type="fig"} and [Table 1](#pone.0154727.t001){ref-type="table"}, P = 0.25). Total GLP-1 concentration was unaffected by exenatide treatment ([Table 1](#pone.0154727.t001){ref-type="table"}).

![Fasting plasma glucagon concentration.\
Fasting, plasma glucagon concentration in ten obese client-owned cats before and after 12 weeks of exenatide (broken lines, n = 5) or placebo (solid lines, n = 5) treatment. P = 0.25.](pone.0154727.g004){#pone.0154727.g004}

Body weight, body composition and adipokines {#sec018}
--------------------------------------------

All cats in EX lost weight ([Fig 5](#pone.0154727.g005){ref-type="fig"}), and overall there was a significant absolute weight loss in this group (P \< 0.001). In PL, four cats lost weight while two cats gained weight ([Fig 5](#pone.0154727.g005){ref-type="fig"}), and overall the BW was not significantly changed in this group (P = 0.45). For comparing the weight loss between the exenatide and placebo treated groups, the relative weight loss in each group was calculated, i.e. weight loss as percentage of baseline BW ([Table 1](#pone.0154727.t001){ref-type="table"}). There was a trend for a greater relative weight loss in EX compared to PL (P = 0.10). Exenatide did not change total body fat percentage or total amount of body fat compared to placebo. Finally, exenatide did not affect plasma leptin or total adiponectin concentrations.

![Body weight before, during and after the study period.\
Body weight of 12 obese client-owned cats before and after 12 weeks of treatment with either exenatide (broken lines, n = 6) or placebo (solid line, n = 6). Two cats (one in each group) were withdrawn after 4 and 8 weeks respectively.](pone.0154727.g005){#pone.0154727.g005}

Safety and compliance {#sec019}
---------------------

For the 12-week period, the median number of total reported missed injections per cat in EX was 1 (range 0--10) and 5 in PL (range 0--8). All owners returned used syringes and empty or expired drug vials, indicating that the medication had been administered as instructed. As some utensils were discarded at home, the counting of the returned items was not used as a quantitative measure of compliance.

The medical histories obtained at the time of inclusion showed that several cats had single bouts of vomiting on an irregular basis (primarily hair balls). The frequency of this did not change for the affected cats during this study in either group. In EX there were three reported incidents of adverse reactions, all of which occurred after 3 to 4 weeks of treatment. One cat vomited repeatedly for 2 days resolving spontaneously, and general appetite and mood were unaffected. Another cat had self-limiting diarrhea for 1 day that coincided with an abrupt diet change (this was a client violation of protocol, and the original diet was immediately resumed). A third cat was suspected of a hypoglycemic incidence characterized by fatigue, slight head bobbing and blood glucose of 3.5 mmol/L. The cat was treated at home by feeding and recovered without further incidents.

Blood and urine samples collected at time of inclusion and study end ([Table 2](#pone.0154727.t002){ref-type="table"}) were stable with no signs of adverse reactions. Blood samples collected at rechecks were unremarkable except from an increase in the acute phase protein serum amyloid A in two cases (66.8 mg/L and 68.9 mg/L respectively, reference range 0.0--5.0 mg/L). One was a PL cat without any clinical symptoms, and the other was the EX cat with diarrhea and was detected the day after the incidence of diarrhea. Both cases were resolved at the following blood re-check. Several cats in both groups had occasional reactions to the injections (vocalizing or trying to get away). A total of four cats out of the 14 cats that were initially recruited did not complete the total 12 weeks of study due to aggressive behavior in relation to the injections (EX = 3, PL = 1). Two of these (both from EX) completed less than one week of the study and were not included in the data analysis, as previously mentioned. All cats were thoroughly examined at every re-check and no signs of cutaneous reactions were discovered.

10.1371/journal.pone.0154727.t002

###### Biochemical blood analyses and hemograms before and after 12 weeks of treatment with either exenatide or placebo.

![](pone.0154727.t002){#pone.0154727.t002g}

                 Exenatide (n = 6)      Placebo (n = 6)        Reference range                               
  -------------- ---------------------- ---------------------- ---------------------- ---------------------- ---------------------
  WBC            6.9 (5.6--8.5)         6.2 (5.6--6.9)         7.5 (4.9--8.9)         6.1 (5.1--13.9)        5.5--19.5 10^9^/L
  PCV            42.3 (34.8--45.6)      41.7 (30.2--46.0)      39.0 (37.5--45.5)      39.0 (37.2--46.0)      24.0--45.0%
  ALT            59.0 (30.0--63.0)      49.0 (31.0--73.0)      53.5 (42.0--61.0)      48.5 (43.0--57.0)      6.0--84.0 U/L
  ALP            53.5 (22.0--130.0)     45.0 (26.0--133.0)     70.0 (24.0--87.0)      56.5 (26.0--77.0)      25.2--96.0 U/L
  GGT            0.0 (0.0--0.0)         0.0 (0.0--1.0)         0.0 (0.0--1.0)         0.0 (0.0--0.0)         0.0--5.4 U/L
  BUN            9.2 (6.9--11.7)        8.9 (6.9--10.6)        8.0 (7.0--10.0)        8.4 (7.4--10.4)        6.7--10.0 mmol/L
  Creatinine     126.5 (109.0--156.0)   143.0 (123.0--154.0)   98.0 (76.0--142.0)     101.0 (79.0--152.0)    60.0--170.0 μmol/L
  Cholesterol    4.19 (2.88--8.66)      5.17 (3.34--8.24)      4.66 (3.11--6.26)      4.35 (2.84--6.53)      2.46--3.37 mmol/L
  Bilirubin      0.8 (0.3--1.5)         1.0 (0.7--1.5)         0.8 (0.5--5.1)         0.6 (0.0--3.3)         0.0--3.4 μmol/L
  Albumin        37.2 (35.6--40.4)      38.1 (34.1--41.0)      36.3 (33.6--40.5)      35.3 (33.0--39.2)      28.0--40.0 g/L
  Protein        70.2 (65.9--75.5)      70.9 (63.2--79.8)      77.7 (75.5--79.7)      73.2 (70.7--81.8)      54.0--74.0 g/L
  Fructosamine   326.0 (295.0--354.0)   333.5 (309.0--369.0)   360.5 (312.0--403.0)   331.5 (312.0--390.0)   221.0--341.0 μmol/L
  Bile Acids     1.0 (0.0--3.0)         1.0 (1.0--6.0)         1.0 (1.0--11.0)        1.0 (0.0--1.0)         1.0--5.0 μmol/L
  SAA            0.0 (0.0--0.1)         0.2 (0.0--0.4)         0.1 (0.1--0.4)         0.0 (0.0--0.2)         0.0--5.0 mg/L
  fPLI           negative (n = 6)       negative (n = 6)       negative (n = 6)       negative (n = 6)       negative/positive

Fasting blood parameters measured at time of inclusion and after 12 weeks of either exenatide or placebo treatment. Values are represented as median and range. The reference range from our laboratory is also listed.

Abbreviations: WBC, white blood cells; PCV, packed cell volume; ALT, alanine aminotransferase; ALP, alkaline phosphatase; GGT, gamma-glutamyl transpeptidase; BUN, blood urea nitrogen; SAA, serum amyloid A; fPL, feline pancreas-specific lipase.

The exact daily food intake was not measured. Instead, the owners rated their cat's appetite on a pre-defined 5-point scale, where 1 indicated that the cat was always hungry or begging for food and 5 indicated that the cat was not interested in food. According to the owners, appetite decreased by a change of 1--3 points in five of the six cats in EX and remained unchanged in one cat. In PL, appetite was decreased by a change of 2 points in one cat, remained unchanged in two cats and increased by a change of 1--2 points in three cats. No cases of anorexia or reluctance to eat were reported.

Discussion {#sec020}
==========

To the best of our knowledge this is the first placebo controlled, long-term study evaluating the effect of exenatide in naturally obese, client-owned cats. The main findings of this study were: (i) the insulin potentiating effect of chronic exenatide treatment in obese cats varied among individuals, and appeared less pronounced compared to previous studies in purpose-bred lean cats, (ii) there was a trend for a weight loss effect in exenatide treated obese cats even without dietary changes, (iii) 12 weeks of treatment with exenatide was well tolerated in obese, but otherwise healthy, cats.

Currently, GLP-1 mimetics have only been studied in healthy and predominantly lean cats, and direct comparisons between studies are impeded by the variation in methods and dosage protocols used\[[@pone.0154727.ref017]--[@pone.0154727.ref019], [@pone.0154727.ref025], [@pone.0154727.ref033]\]. In this study, 12 weeks of twice daily exenatide treatment did not increase the total insulin secretion (AUC~insulin~) during an IVGTT compared to placebo. This is in contrast to previous studies in lean cats, where insulin was notably increased by exenatide\[[@pone.0154727.ref017], [@pone.0154727.ref018], [@pone.0154727.ref025]\]. The IVGTT was chosen for this study, because the cats were client-owned, and in our experience this test is well tolerated and induces a minimum of stress\[[@pone.0154727.ref016]\]. It is possible that a meal response test causing an incretin effect or a hyperglycemic clamp could have yielded a different outcome.

Despite not detecting an overall increase in insulin release, this study did find a marked individual variation in the magnitude of the insulin response to exenatide. This may be caused by the obese, client-owned cats being more heterogeneous at baseline compared to previously studied purpose-bred populations. Indeed, at week 0, the AUC~insulin~ in EX varied almost 10-fold. A high insulin concentration most likely results from insulin hypersecretion in order to compensate for peripheral insulin resistance. Also, consistent with previous studies in obese cats, the insulin responses to i.v. glucose were delayed, despite immediate and marked glucose increments\[[@pone.0154727.ref012], [@pone.0154727.ref034]\]. This suggests a reduced glucose sensitivity of the pancreatic beta-cells in the obese cats. The heterogeneity observed in the insulin secretion patterns at baseline in this study is consistent with the notion that not all obese cats become insulin resistant\[[@pone.0154727.ref012]\]. A marked heterogeneity would make it difficult to find a statistical difference, and may partly explain the inconsistent effect of exenatide on insulin secretion in this study. In future studies, an initial assessment of insulin resistance and glucose tolerance should precede the randomization process to fully elucidate the effect of exenatide on insulin secretion in obese cats.

The insulin augmentation produced by exenatide was negligible in five of six cats. This is in contrast to previous feline studies using the same dosage but for a shorter period of time, where total AUC~insulin~ increased with approximately 350% \[[@pone.0154727.ref018], [@pone.0154727.ref025]\]. Our study could indicate that in obese cats, the effect of exenatide may be less pronounced. Despite a large inter-individual variation in AUC~insulin~ in our population, our sample size had a power of 99% to detect a 200% increase in AUC~insulin~ at a 5% significance level based on a post-hoc calculation (using the mean and SD from our study: 15679±11352). This calculation cannot predict the true exenatide effect; but in combination with the results of this study, it does suggest that the effect of exenatide in obese cats is less than observed in lean cats regardless of the level of insulin resistance. One possible explanation could be the presence of GLP-1 resistance in obese cats. Resistance to GLP-1 is controversial in humans, but it has been suggested that the pancreatic β-cells may have a reduced ability to respond to incretins in some obese individuals\[[@pone.0154727.ref035]\]. Whether a similar condition exists in obese cats is unknown. Also, we did not test for the presence of anti-exenatide antibodies in our group of cats. In humans, the transient development of anti-exenatide antibodies is well described, peaking in the treatment weeks 6 to 16\[[@pone.0154727.ref036]\]. However, most exhibit a low antibody titer, which apparently does not affect the clinical efficacy of exenatide\[[@pone.0154727.ref036]\].

One limitation of this study is that the timing of the last exenatide injections in relation to the initiation of the final IVGTT was not standardized, and this may have affected the insulin secretion. A previous report suggested that the insulinotropic effect of exenatide lasts approximately 120 min following a single subcutaneous injection in cats\[[@pone.0154727.ref018]\]. Still, following a chronic exenatide administration, a general improvement in β-cell secretory function could be expected, which should not be affected by the timing of the latest injection\[[@pone.0154727.ref037]\].

Consistent with a previous study, there was a significant absolute weight loss in the EX group\[[@pone.0154727.ref018]\]. However, the previous study did not include a control group, and in our study the weight loss was no longer statistically significant when compared to the placebo treated group. In our study, there was only a tendency for exenatide to increase the relative weight loss compared to placebo, although a weight loss was observed in all EX cats whereas a weight gain was observed in some PL cats. We still believe it is an important finding, especially because it occurred without dietary modifications, and an insufficient sample size may explain the lack of statistical significance. The rate of weight loss was compatible with what is considered safe in cats, in contrast to the weight loss rate noted in lean, purpose-bred cats in a previous study\[[@pone.0154727.ref018], [@pone.0154727.ref038]\]. The clinical impact of the weight loss rate observed in our study may be small, and future long-term studies are needed to fully evaluate this.

In humans, GLP-1 analogues are believed to cause a weight loss by reducing appetite and slowing gastric emptying\[[@pone.0154727.ref006]\]. Whether similar mechanisms occur in cats is not fully understood. In our study, the total daily food intake was not measured directly, however, the majority of EX cat owners believed their cat's appetite had decreased during the study. This may partly explain the weight loss in this group, and is consistent with findings in lean cats\[[@pone.0154727.ref019]\]. Importantly, no cats became anorexic, and the appetite reduction was generally described as cats that were no longer constantly begging for food, but rather seemed satiated between meals. Body weight was recorded in seven cats (three EX, four PL) 4 weeks after study completion, and all three cats from EX had gained weight (range 0.15--0.41 kg), and the owners reported an increase in appetite after discontinuation of exenatide. None of the PL cats had gained weight after finishing the study. This further supports the notion of exenatide reducing both appetite and BW in obese cats, although further studies using a controlled feeding and registration of appetite and food consumption is needed to fully confirm this theory. Exenatide did not change the body composition of obese cats, consistent with studies of similar duration in obese humans, where a significant weight loss was unrelated to a change in body composition\[[@pone.0154727.ref007], [@pone.0154727.ref008]\]. Fasting levels of the adipokines leptin and adiponectin were likewise unaffected by exenatide. Leptin concentration is highly correlated with fat mass in cats, while the association between obesity and adiponectin in cats is debated \[[@pone.0154727.ref011], [@pone.0154727.ref016], [@pone.0154727.ref031], [@pone.0154727.ref039]\]. Hence, the unchanged body composition likely explains the lack of change in leptin and possibly adiponectin.

Hyperglucagonemia has been observed in obese humans with normal glucose tolerance and in T2D \[[@pone.0154727.ref028], [@pone.0154727.ref035]\]. Few reports exist concerning glucagon levels in obese cats, but hyperglucagonemia has been shown in diabetic cats in an older study\[[@pone.0154727.ref040]\]. Insulin has traditionally been the focus of attention for diabetic research, but in recent years glucagon has received increased attention, as hyperglucagonemia contributes to the hyperglycemia present in T2D. One area of interest is the suppression of glucagon secretion, which is one of the effects of GLP-1 mimetics in both T2D and in lean healthy cats\[[@pone.0154727.ref019], [@pone.0154727.ref033], [@pone.0154727.ref041]--[@pone.0154727.ref043]\]. In our study, fasting glucagon decreased in several exenatide treated cats. Glucagon may be affected by storage of the samples, but in a recent human study it was shown that the decline in glucagon concentration primarily occurred in the initial two weeks of sample storage, and that following this time-period the reduction was comparable between individual samples\[[@pone.0154727.ref029]\]. In our study, all samples were analysed collectively following 8--15 months of storage, and thus we do not believe that glucagon degradation is the cause for the observed reduction in glucagon concentrations. The reduction in fasting glucagon concentration was not statistically significant, but this may well be due to a lack of power, since only 10 cats (five EX, five PL) were included in this analysis due to insufficient sample volume. Our results suggest that exenatide may have a glucagonostatic effect in obese cats, but further studies measuring glucagon concentration during a glucose tolerance test in a larger population are needed to confirm this theory.

Exenatide was well tolerated in the obese cats and adverse effects were mild and self-limiting. The adverse reactions observed in the present study are consistent with the most common side effects typically reported in humans and cats\[[@pone.0154727.ref006], [@pone.0154727.ref007], [@pone.0154727.ref025], [@pone.0154727.ref033]\]. There was one case of diarrhea, which coincided with an abrupt change in the cat's diet, and whether the diet or exenatide caused the diarrhea is unknown. There was an intermittent, vocal reaction to the injections in both treatment groups, and a total of four out of 14 owners (three EX and one PL) withdrew their cat from the study because they were unable to continue the injections at home. We cannot exclude that the exenatide formulation irritates at injection; it has not previously been reported as a problem but could be related to the dilution protocol. However, the vocal reactions were neither consistent nor limited to the EX, and could perhaps be caused by a lack of owner technique or confidence. No cutaneous reactions were found at any time.

Feline pancreatic lipase immunoreactivity was analysed at every recheck in our study, as some case reports have suggested that exenatide may increase the risk of pancreatitis in humans\[[@pone.0154727.ref044]\]. However, none of the cats had any clinical or biochemical evidence of pancreatitis, consistent with the results from a recent meta-analysis where treatment with GLP-1 mimetics was not associated with an increased risk of pancreatitis in humans\[[@pone.0154727.ref045]\]. One of the main challenges in this study is the evaluation of compliance. Used syringes and medicine bottles were collected from all participating owners and indicated a high compliance. However, some of the utensils were discarded at home by the owner and were not returned. On these few occasions we had to rely on the owners' word for evaluation of compliance. Plasma exenatide concentration was measured without informing owners and strongly indicated that the medication was being administered in all EX cats. Individual variation in absorption as well as differences in the timespan between injection and blood sampling are presumably the causes for the variations observed in absolute concentration within the EX group\[[@pone.0154727.ref003]\]. In a previous study, plasma exenatide was only elevated above baseline for 90 min following a subcutaneous injection in cats\[[@pone.0154727.ref017]\]. Therefore the exenatide measurements do not guarantee that cats were also treated in the weeks between analyses. However, since the owners were unaware of this analysis being performed, there is no reason to believe injections were only administered on the days of the visits. All owners had volunteered and remained in frequent contact with the primary investigator throughout and beyond the 12-week study period, and overall compliance with regards to administration of the treatments was believed to be high. Apart from the initial health assessment of their cat, the owners did not receive any financial compensation for their participation in the study, and we believe our study represents a realistic setting for the clinical application of exenatide in obese client-owned cats.

Owners were instructed not to change their cat's daily feeding routine, but based on verbal reports this was not strictly adhered to, and it was impossible to control the type of diet and amount of treats given. Also, it is possible that increased motivation after signing on for a clinical study may have led to the instigation of an unintentional weight loss regimen because some owners became more aware of their feeding habits. Although the feeding of various diets is likely a true representation of the clinical reality, the use of a standardized diet may prove a relevant amendment for future study protocols.

In conclusion, 12 weeks of treatment with exenatide was well-tolerated in obese cats, a potential veterinary target population for treatment with GLP-1 mimetics. Exenatide tended to decrease BW at an appropriate rate even without dietary changes, but did not alter body composition or adipokine levels. The insulin augmenting effect of exenatide was less pronounced in obese compared to lean cats, which may partly be explained by heterogeneity in the obese cats at baseline. The interaction between baseline insulin resistance and effect of exenatide in obese cats, as well as the effect on weight loss and appetite requires further investigations. Finally, exenatide may suppress fasting glucagon concentration in obese cats, which could be an important finding with regards to treatment of FDM, although this requires further research.
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###### Signalement of included cats.

Signalement at the time of inclusion of the 12 cats included in the final data analysis. Abbreviations: MC, castrated male; FS, spayed female.

(XLSX)

###### 

Click here for additional data file.

###### Owner evaluation of the cats' appetite.

The owners rated their cat's appetite on a pre-defined 5-point scale before and after treatment with either exenatide or placebo. A score of 1 indicated that the cat was always hungry or begging for food. A score of 3 indicated that the cat was readily eating when food was offered but seemed satiated between meals. A score of 5 indicated that the cat was not interested in food.

(XLSX)

###### 

Click here for additional data file.
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